A compact low-profile dual-band antenna with a single circular radiation patch is presented. The circular radiation patch is top-loaded by a metal strip, leading to a zeroth-order resonant (ZOR) mode with monopole-like radiation pattern at the lower operation band, and the ZOR mode is not affected by the position change of the probe feed. Thereby an off-center probe feed can be used to excite a TM 01 mode with patch-like radiation pattern at the upper operation band, and its performance remains good stability when the size of the metal strip is varying. The equivalent circuit, electric field and current distributions of the proposed antenna are studied to investigate the principles of the ZOR and the TM 01 modes, and all the results show that the two operation bands can be effectively and independently controlled. As a proof-ofconcept, a circular patch antenna prototype with low profile of about 0.023 λ 0 at 2.35 GHz is fabricated and tested. Good agreements between the measured and simulated results are achieved, showing monopole-like and patch-like radiation patterns within 2.28 -2.40 GHz and 3.30 -3.60 GHz, respectively, and the average realized gains are about 2.5 dBi and 8.5 dBi for the two operation bands.
I. INTRODUCTION
Monopole antennas with omnidirectional radiation in the horizontal plane, are widely used in various wireless communications to provide wide signal coverage. Usually, portable devices, such as mobile phone and laptop, require compact size and light weight, leading to limited space for hiding antenna, and thus the traditional monopole antenna with 0.25λ 0 (λ 0 is the wavelength in vacuum at the resonant frequency) high profile are not suitable for those portable devices.
Compared with monopole antenna, patch antenna has advantages of low profile, low cost and easy fabrication. Various methods have been reported for patch antenna to generate the monopole-like radiation characteristic, and a center-fed circular patch antenna excited in the TM 0m mode The associate editor coordinating the review of this manuscript and approving it for publication was Yasar Amin .
for monopole-like radiation pattern has been demonstrated [1] . Then, technologies, such as stacked patch [2] , L-Probe fed [3] and loaded annular ring [4] were employed on the monopolar circular patches to increase the impedance operation bands. For those antennas, the resonant frequency of the eigenmode TM 01 mode (0.5 λ) is zero, TM 02 (1.0 λ) is the first nonzero mode, and that results in large antenna size. Center-fed circular patch antenna loaded with shorting vias can produce TM 01 mode with nonzero resonant frequency, and the analytical approach has been discussed in [5] , [6] . Moreover, TM 01 and TM 02 modes were excited by shorting vias and annular ring, respectively, and broadband or dual-band were obtained by the monopolar patch antennas [7] - [10] .
On the other hand, antennas having unidirectional radiation patterns are also required for global positioning system (GPS), point-to-point communication system, etc. Low-profile dual-band antenna with monopole-like and VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ patch-like radiation patterns over the two operation bands, can eliminate the need for an extra antenna, and is very suitable to be applied in the multifunctional communication systems, such as vehicular communications, in which car-to-car communication and GPS needing unidirectional signal coverage for safe driving control, while WMAN requiring omnidirectional signal coverage for internet access.
Recently, based on mushroom structure or metamaterial, dual-band antennas with dual-sense radiation patterns were presented [11] - [13] . For the stacked-patch antenna [14] , the upper small-patch with a U-shaped slot and the lower large-patch with conductive vias were utilized to achieve the unidirectional and omnidirectional radiation patterns for the lower-and the upper-bands, respectively. However, the complex structure or large size of those antennas still need to be improved. The zeroth-order resonant (ZOR) mode can be used to realize electrically small antenna, which was first presented in 2004 [15] . ZOR antenna works at the frequency where propagation constant β = 0 or λ = ∞, and thus ZOR resonant frequency depends on the reactance of antenna rather than the antenna physical size. Three typical omnidirectional patch antennas [16] - [18] took advantage of mushroom structure to excite the ZOR mode, and a mushroom patch was inserted in a rectangular patch [19] , resulting in the generations of the ZOR mode and TM 010 mode at the same frequency for a broad E-plane beamwidth. The antenna [20] , which is a combination of circular patch and circularly periodic mushroom units, produced a ZOR and a TM 02 modes for the dual-band operation with monopolar radiation pattern. For the design of dual-band circular patch with compact size and dual-sense radiation pattern, a feasible solution is exciting the ZOR and the TM 10 modes simultaneously. However, those ZOR mode antennas mentioned above would not be able to produce the patch-like radiation pattern, and to the best of the authors' knowledge, this kind of antenna with monopole-like and patch-like radiation pattern using ZOR and TM 01 modes has not been reported so far.
Utilizing the ZOR and TM 01 modes of a single circular patch, a compact dual-band antenna with dual-sense radiation pattern is proposed in this paper. The proposed antenna is different from the conventional monopole-like circular patch antenna, there is no short-via between the circular patch and the ground. The ZOR mode working at the lower operation band with monopole-like radiation pattern is produced by the application of the top-loaded small metal strip, which is shorted to the ground by two conductive vias. Moreover, an off-center probe feed which function as the slot etched on the patch [21] can modify the current distribution of the patch, yielding the TM 01 mode with broadside radiation characteristic and good impedance matching for the upper operation band, while the ZOR mode is not affected by the location change of the probe feed. The two operation bands can be independently controlled by the metal strip and the location of the probe feed, receptively. The working principles for the proposed antenna is illustrated and verified by a dual-band antenna prototype with a low-profile of about 0.023λ 0 at 2.35 GHz. The antenna exhibits omni-directional radiation pattern from 2.28 to 2.40 GHz with realized gain of 2.0 -3.1 dBi, and broadside radiation pattern in 3.30 -3.6 GHz with realized gain of 8.0 -9.1 dBi. The efficiencies are higher than 75% and 83% for the two operation bands, respectively. Fig. 1 shows the configuration of the proposed dual-band patch antenna consisting of two FR4 substrates with a H thick air gap between them, and both the two FR4 substrates have a relative permittivity of 4.4, a dielectric loss tangent of 0.002 and a thickness of 1.6 mm. The circular ground plane with a radius of R g is placed on the bottom layer of the FR4 substrate 1. The radiation element, placed on the bottom layer of the FR4 substrate 2, is a circular patch having a radius of R p and is top-loaded by a metal strip. The metal strip with size of M l × M w is printed on the top layer of the FR4 substrate 2. The circular radiation patch is directly fed by an off-center coaxial probe with an SMA connector which is placed underneath the ground plane, and F y describes the offset distance of the probe feed from the center of the circular radiation patch along the y axis. The top-loaded metal strip is shorted to the ground plane by two conductive vias, and the two conductive vias with distance of V d are identical and are arranged symmetrically. It is noteworthy that there are two clearance circles etched in the circular radiation patch and are placed around the two conductive vias, respectively, as shown in Fig.1(a) , and thus the two conductive vias and circular radiation patch are separated. The dimensions of the antenna are listed as follows: R g = 50 mm, R P = 19.7 mm,
II. CONFIGURATION OF ANTENNA AND EQUIVALENT CIRCUITS
For illustrating the excitation principle of the ZOR and the TM 01 modes in the following sections, the equivalent circuits of the proposed dual-band circular patch antenna are shown in Fig. 2 . L f models the inductance of the probe feed, and L P describes the inductive effect linked to the radial currents flowing on the circular patch, C P is the capacitive coupling between the circular patch and the ground, C M denotes the capacitive coupling between the metal strip and the circular patch, the inductance of the conducive vias and the metal strip are modeled by L v and L M , respectively, while R P represents the radiation resistance of the antenna. L f and L p are series inductance and can be instead of an inductance (L f + L p ). With the introductions of the metal strip and the two conducive via, two parallel branches both having L v and L M /2 are formed and can be replaced by one branch with an inductance of (L v + L M /2)/2, as shown in Fig.2 .
III. ANALYSIS OF THE ZOR MODE
In our work, the novel method of obtaining the ZOR mode with monopole-like radiation pattern is using the top-loaded metal strip, which is shorted to the ground plane by two conductive vias. Due to the two clearance circles etched in the circular radiation patch and located around the two conductive vias, as shown in Fig.1(a) , the metal strip and the radiation patch are separated, so the performance of the monopolar ZOR mode is not affected by the location change of the probe feed. That is different from the existing omnidirectional patch antennas, such as antennas [16] - [18] and [20] , those antennas utilized the short-vias to excite the ZOR mode, and their feed probes must be placed at the center of the circular radiation patches.
With the top-loaded metal strip and the two conductive vias, a branch having C M and (L v + L M /2)/2 is formed, and parallels to the branch with C p, as shown in Fig.2 . The ZOR mode is only related to the shunt components [18] , so the circular patch antenna loaded with the metal strip and the two conductive vias can support the ZOR mode. In order to verify that, the electric field, the equivalent magnetic current and the simulated 3-D radiation patterns of the proposed antenna at 2.35 GHz are shown in Fig.3 . For different value of F y , it can be seen that the electric fields under the patch vary in phase and are uniformly vertical to the circular patch, omitting the slight disturbance of the two conductive vias. However, a larger F y means a larger offset distance of the probe feed from the center of the circular patch, and the electric field distribution become asymmetric with the increase of F y . Fortunately, the asymmetric effects on the electric field is in an acceptable range, and the electric field distributions for all the cases in Fig.3 are almost similar. According to the cavity model of the patch antenna, the equivalent magnetic loop currents along circular peripheries can be produced, as shown in Fig.3 , and give rise to the perfect monopole-like radiation patterns. Fig. 4 shows the variation of reflection coefficient |S 11 | for the proposed antenna with respect to different F y . With the increase of F y , the maximum path length of the currents on the circular radiation patch flowing outwardly from the feed point becomes longer, leading a larger L p , and re-optimization of the metal strip size should be carried out to achieve a good impedance matching for the ZOR mode working in 2.28 -2.40 GHz, with the other dimensions of the antenna remaining unchanged. It can be observed from Fig.2 , to keep the good impedance matching of the ZOR mode, the value of L M should be decreased or C M should be increased, when L p is increased. L M is decreased with the decrease in the distance V d between the two conductive vias, and a larger metal strip width M w results in a larger C M . Therefore, V d is 24 mm and M w is 2.8 mm, when F y = 0 mm. For F y = 4.0 mm, V d and M w are chosen as 21.0 mm and 2.8 mm, respectively. With F y = 8.0 mm, V d and M w are 19.0 mm and 3.2 mm, respectively. For all the three cases, the good impedance matching of the ZOR mode is achieved to cover 2.28 -2.40 GHz with |S 11 | ≤ −10 dB, as shown in Fig.4 . Specifically, a TM 01 mode at around 3.45 GHz with good impedance matching in 3.30 -3.60 GHz is produced for the case of F y = 8.0 mm, and that will be discussed in the next section.
In order to further prove that the resonant mode at 2.35 GHz is ZOR mode, the effect of the circular patch radius R p on |S 11 | is investigated in Fig.5 , under the circumstances of F y = 0 mm. In theory, the corresponding resonant frequency of the ZOR mode is depended on the reactance of antenna instead of its physical dimensions, so the ZOR mode resonant frequency should be not affected by the varying R P . However, a smaller R P leads to a smaller capacitance C p , the resonant frequency of the ZOR mode will moves towards the higher frequency, and we can alleviate this trend by increasing the value of C M, as shown in Fig.2 . C M is related to the width M w of the top-loaded metal strip. For R P = 22.0, 19.7 and17.5 mm, M w is chosen as 1.5, 2.8 and 3.8 mm, respectively, and the resonant frequency of the ZOR mode can be fixed at around 2.35 GHz for the three cases, as shown in Fig.5 , so the resonant mode at 2.35 GHz is ZOR mode. other one having C p . Therefore, M W and V d have strong effect on the ZOR mode, as shown in Figs.6 and 7, but their influence on the TM 10 mode at around 3.45 GHz can be neglected. Now, we can figure out that the ZOR mode can be easily controlled by the top-loaded metal strip, without effect on the performance of the other resonant mode. Perfect monopolelike radiation pattern and good impedance matching can be achieved over the operation band of 2.28 -2.40 GHz with |S 11 | ≤ −10 dB, when R P , F y , and V d are chosen as 19.7 mm, 8.0 mm, and 24.0 mm, respectively.
IV. ANALYSIS OF THE TM01 MODE
According to [22] , a no-zero resonant frequency for the fundamental TM 01 mode (0.5 λ) with monopole-like radiation pattern can be obtained by a center-fed circular patch shorted to the ground plane with conductive vias, resulting in a small antenna size. However, with the feed probe fixed at the center, the TM 0m modes with broadside radiation characteristic is impossible to be obtained by the circular patch antenna, due to the field inside the structure symmetrical about the z axis. As discussed above, in our design, the movement of the probe feed having no effect on the performance of the monopolar ZOR mode, so the probe feed can be located off-center to excite the TM 01 mode and perturb the current distribution on the circular patch, leading to the broadside radiation pattern at the upper operation band. Consequently, the other main contribution of this work is that the omnidirectional and broadside radiations can be realized by the proposed circular patch antenna with a single patch and compact size, simultaneously, and that are not realized by the existing ZOR antennas [16] - [20] .
The antenna without the presence of the top-loaded metal strip and the two conductive vias, denoted as Antenna I and shown in Fig.8 , is studied to explore the principle of the 
where h = (H + 2 × H s ), Hs = 1.6 mm and H = 3.0 mm denote the thicknesses of the two FR4 substrates and the air between them, respectively, and ε r = 4.4 is the relative permittivity of the two FR4 substrates. Based on (1), the approximate value of R p is 20 mm. Fig.9 shows the frequency response of Antenna I against with different R p , and it is found that the resonant frequency is decrease when R p increases from 17.5 to 22 mm. For a good impedance matching over 3.30 -3.60 GHz, R p is optimized and chosen as 19.7 mm in our design, and that is agreed well with the calculated R p = 20 mm. It should be noted that the ZOR mode at around 2.35 GHz is disappeared due to the absent of the top-loaded metal strip and the two conductive vias. On the other hand, when the metals strip is applied, the effect of R p on the ZOR mode can be canceled out by modifying the size of the metals strip, as shown in Fig.5 . F y = 0 mm means that Antenna I is fed at the center of the circular patch, and we can discover that there no resonant mode at about 3.45 GHz, as shown in Fig.10 . However, when the probe feed is off-center, a resonant mode appears and shifts to the higher frequencies with the increase of F y , along with a better impedance matching. That is because input impedance for the circular patch itself is high due to strong electric field and weak magnetic field at the central part of the patch, and the balance between them can be enhanced by moving the feed probe away from the center, so the impedance matching is improved gradually. But if F y is larger than 8.0 mm, the balance between the electric and magnetic fields will be broken again, and the impedance matching becomes bad, as shown in Fig.10 . Paying attention to the comparison of the results shown in Figs. 4 and 10 , we can find that the effects of F y on |S 11 | for the two cases are the same. That proves once again the TM 01 mode is produced by moving the feed probe away from the center, and is independent of the top-loaded metal strip. Similarly, the ZOR mode at 2.35 GHz is not affected by the change of the probe feed. Consequently, the ZOR and TM 01 modes are controlled independently by the metal strip and the location of the probe feed, respectively. F y is chosen as 8.0 mm, a −10 dB bandwidth of 3.30 -3.60 GHz is obtained.
With F y = 8.0 mm, the current distributions, simulated 3-D radiation patterns and electric fields at 3.45 GHz both for Antenna I and the proposed antenna are shown in Figs.11, 12 and 13 , respectively, to further understand the TM 01 mode. Seeing from Fig. 11 , the currents on the toploaded metal strip is very weak, so its effect on the antenna performance can be neglected. The current distributions on the radiation circular patch with and without the metal strip are similar, and that are similar to the current distribution of a traditional rectangular patch antenna working at TM 01 mode with a maximum of radiation in the broadside direction. Therefore, the simulated 3-D radiation patterns for Antenna I and the proposed antenna are exactly alike, both having a maximum realized gain of 9.0 dBi, as shown in Fig.12 . A better understanding of the exciting TM 01 mode is obtained from Fig. 13 in which 3-D electric fields are shown. The effect of the metal strip on the electric field inside the circular radiation patch can be neglected, and the electric fields at 3.45 GHz for the two antennas have opposite directions at the two sides of the x-axis. While not shown here, the electric field for the two antennas are almost the same as TM 01 mode of a traditional rectangular patch antenna.
Usually, the profile of antenna has great effect on the antenna performance, and thus the simulated |S 11 | of the proposed antenna with respect to H is discussed and presented in Fig.14. ε eq is the equivalent permittivity of the substrates with an air gap, which can be calculated by [24] Based on (2), a lager H leads to a smaller ε eq , so the resonant frequency of the TM 01 mode shifts towards the higher frequency. On the other hand, the inductance values of L v and L f become larger with the increase of H , resulting in a lager antenna reactance, and the ZOR resonant frequency, which mainly depends on the antenna reactance, moves to the lower frequency. The frequency ratio of the TM 01 mode to the ZOR mode is denoted as K . When H is increasing, the frequencies of two resonant modes move away from each, as shown in Fig.14, resulting into a larger K . Therefore, air thick H is a key parameter for control of two resonant modes simultaneously. When H is chosen as 3.0 mm of about 0.023λ 0 at 2.35 GHz, which is an acceptable thickness for many portable devices, two −10 dB bandwidths of 2.28 -2.40 GHz and 3.30 -3.60 GHz are realized, as presented in Fig.14. V. ANALYSIS OF APPLICABILITY Fig.15 shows the configuration of Antenna II, the ground plane of Antenna II is square with 2 × R g side length, and the other dimensions of Antenna II are the same as the proposed antenna shown in Fig.1 . The comparison of |S 11 | between the proposed antenna and Antenna II with varying R g is studied in Fig.16 . Both the effects resulting from the change of ground plane shape and the variation of R g on |S 11 | are sight. For the proposed antenna shown in Fig.1 , R g is chosen as 50 mm, therefore, the simulated 3-D radiation patterns at 9.0 dBi at the broadside direction. With stable performance, the ground plane of the proposed antenna can be modified to apply in different devices, which have different space for locating antenna.
VI. RESULTS AND DISCUSSION
The proposed dual-band circular patch antenna with omnidirectional and unidirectional radiation patterns over the two operation bands shown in Fig.1 is fabricated and tested, and its photograph is presented in Fig. 18 . The simulated and the measured |S 11 | are shown in Fig. 19 , the simulated and measured results are in a good agreement, and the two operation bands with |S 11 | ≤ −10 dB are 2.28 -2.40 GHz and Fig. 20 (b) , the proposed antenna has the maximum radiation in the broadside direction, showing patch-like radiation pattern. The results illustrate that the proposed antenna has different radiation patterns for the two operation bands of 2.28 -2.40 GHz and 3.30 -3.60 GHz. Fig.21 exhibits a reasonable agreement between the measured and simulated realized gain. The realized gain for the two operation bands are 2.0 -3.1 dBi, and 8.0 -9.1dBi, respectively. The proposed antenna has monopole-like radiation pattern in 2.28 -2.40 GHz band and unidirectional radiation pattern in 3.30 -3.60 GHz band. Due to the different radiation patterns for the two operation bands, the gain in 2.28 -2.40 GHz band is lower compared with the gain in 3.30 -3.60 GHz. Moreover, the electrical size of the radiation patch for 3.30 -3.60 band is larger than that for 2.28 -2.40 band, and that is also a reason of a higher gain obtained in WiMAX band. The measured efficiency of the proposed antenna is also shown in Fig.18 , and the efficiencies are larger than 75% and 83% for the lower-, and the higher-band, respectively. Table 1 compares the proposed dual-band patch antenna with the other four reported antennas [11] - [14] . The comparison focuses on the number of antenna radiator, single band or dual-band, size of radiator, antenna profile and the performance of radiation pattern. This comparison shows that just the proposed antenna, the antenna [11] and the antenna [12] employ a single radiator but achieve the dualband operation, omnidirectional radiation pattern for the lower band, and unidirectional radiation pattern for the upper band. However, the dimensions of the two antennas [11]- [12] are larger than that of the proposed antenna, specially for the antenna profile. Therefore, the proposed antenna is more suitable to be applied in the multifunctional communication system with limit space than the other antennas.
VII. CONCLUSION
A novel dual-band dual-sense circular patch antenna with low-profile has been presented. The working principles of the monopolar ZOR mode at the lower operation band and the TM 01 mode with broadside radiation pattern at the upper operation band have been investigated by studying the equivalent circuits, electric fields and current distributions. With a profile of about 0.023 λ 0 at 2.35 GHz, a dual-band circular patch antenna covering 2.28 -2.40 GHz, and 3.30 -3.60 GHz has been fabricated and tested, the measured and simulated results are in a good agreement. With monopole-like radiation pattern, the realized gain and the radiation efficiency in the lower operation band are 2.0 -3.1dBi and 75 -81%, respectively. The realized gain and the radiation efficiency in the upper operation band are 8.0 -9.1 dBi and 83 -91%, respectively, along with broadside radiation pattern.
